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DEVELOPMENT, VALIDATION AND POTENTIAL ENHANCEMENTS
TO THE SECOND GENERATION OPERATIONAL AEROSOL PRODUCT
AT NOAA/NESDIS
ABSTRACT
A revised (Phase 2) single-channel algorithm for aerosol optical thickness, t.,+, retrieval over oceans
fromradiancesinchannel 1 (0.63 um) of the Advanced V ery High Resol ution Radiometer (AVHRR)
has been implemented at the National Oceanic and Atmospheric Administration/National
Environmental Satellite Dataand Information Servicefor the NOAA-14 satellitel aunched December
30, 1994. It is based on careful validation of its operational predecessor (Phase 1 agorithm),
implemented for NOAA-11in1989. Both agorithms scalethe upward satellite radiancesin cloud-
freeconditionsto aerosol optical thicknessusing an updated radiativetransfer model of the ocean and
atmosphere. Application of the Phase 2 algorithm to three match-up sun-photometer and satellite
datasets, one with NOAA-9in 1988 and two with NOAA-11in 1989 and 1991, respectively, show
systematic error is less than 10%, with arandom error of s, .0.04. First results of t*,; retrievals
from NOAA-14 using the Phase 2 algorithm, and from checking its internal consistency, are
presented. The potential two-channel (Phase 3) algorithm for the retrieval of an aerosol size
parameter, such as the Junge size distribution exponent, by adding either channel 2 (0.83 pum) from
the current AVHRR instrument, or a 1.6 um channel to be available on the Tropical Rainfall
M easurement Mission andtheNOAA-KLM satellitesby 1997 isunder investigation. Thepossibility
of using this additional information in the retrieval of a more accurate estimate of aerosol optical

thicknessis being explored.



1 INTRODUCTION

The upward radiance over dark surfaces, like the open ocean in the red and near infrared
spectrum, mainly varies with concentration and type of atmospheric aerosol particles, so that
information about these particles can be derived from satellite data. Aerosols backscatter solar
radiation in proportion to the aerosol optical thickness, t*, and the aerosol single scattering phase
function, PA(?), ? being scattering angle. The marine aerosol is almost purely scattering (albedo of
single scattering ? 61) when not mixed with continental sources (dust, smoke, soot) [Gordon and
Morel, 1983; WCP-55, 1983; WCP-112, 1986; D'Almeidaet al., 1991]. The relationship between
the satellite-detected radiance and t* is therefore illumination-observation geometry specific. To
retrieve t”, PA(?) must be known.

It was shown in some studiesthat the variability of P*(?) in backscatter ismuch lessthan that
of t*. Griggs[1975] has experimentally shown that upward radiance was essentially proportional to
t#, independent of aerosol type. Koepke and Quenzel [1979] carried out theoretical calculationsfor
a wide range of aerosol models, representative of their natural variability, and have shown that
variability of P*(?) in backscatter iswell within . +25% (and can belowered downto 4% if optimal
scattering geometry is used), whereast” varies more than an order of magnitude. The feasibility of
t* retrieval from a single satellite reflectance channel using a 'universal' aerosol model has been
recently confirmed by Kaufman [ 1993] who has shown experimental ly that the rel ationship between
t* and atmospheric path radianceiscloseto universal. Such aone channel procedure may beviewed
asanormalization of thesatellite radiancesto acommon observation-illumination geometry, and their
scaling to arange of aerosol optical depths, measured by customary sun-photometry. Theadvantage
of this procedureisthat it makes satellite measurements taken in different geographical regionsand

in different seasons uniform, alowing their direct comparison, and scales them to a well



understandable physical quantity such as the aerosol optical depth.

Thishasbeen therationa efor the devel opment of an aerosol remote sensing capability at the
National Environmental Satellite Data and Information Service of the National Oceanic and
Atmospheric Administration (NOAA/NESDIS), which commenced in 1977 [Griggs, 1983]. The
algorithm has been specifically developed for use with channel 1 (0.63 pum) of the Advanced Very
High Resolution Radiometer (AVHRR) onboard NOAA polar orbiters, which providesglobal daily
coverageon an operationally consistent long-termbasis. Fig.lillustratestheprincipleof theretrieval
of t*¢,; fromthe AVHRR backscattered radiance. It showsthat if the actual size of aerosol particles
deviates from that used in the retrieval model (?=3.5 -- see section 2 for details), than the t"g,;
retrievals would be in error. However, a ground truth experiment conducted in 1980-81 with
collocated V oltz-type sun-photometer datasets from ten island and coastal locations and one ship,
has shown that t*,; retrievals with 2=3.5 have little systematic (bias) error, with arandom error of
S,-0.05.

After the Phase 1 algorithm was implemented into NOAA operations, another ground truth
campai gn was conducted, with emphasison coll ocating with higher quality sun-photometer datafrom
research ships[Reddy et al., 1990; Korotyev et al., 1993]. Theresultsof thiscampaign have shown
asizeablesystematic underestimation by thesatelliteretrievals[Ignatov et al., 1995a,b] . After taking
into consideration the poor quality of the 1980-81 sun-photometer data, it was concluded that the
retrieval model used in the Phase 1 algorithm was incorrect and must be revised. The Phase 1
algorithm and resultsof itsvalidation aredescribed in section 2. Initsrevision, extensiveanalysisof
literature and match-up datahasbeen performed (section 3). Animproved second generation (Phase
2) agorithm hasbeen formul ated, validated (biaslessthan 10%; residual randomerror s, - 0.04), and

applied to data of NOAA-14, launched 30 December, 1994 (section 4). Both Phase 1 and 2



algorithms use only one channel, so only one unknown can beretrieved. Even though the Phase 2
algorithm corresponds to an 'average’ aerosol better than Phase 1, it may still be proneto errorsin
retrieved t*,; due to non-universality of the aerosol model (resulting from seasonal and regional
variability in the aerosol physical and chemical properties). Measurementsin AVHRR channel 2
(0.83 um), or, with thelaunch of NOAA-K in 1996 and the Tropical Rainfall Measurement Mission
(TRMM) in 1997, a third reflectance channel at 1.6 um, may be used to retrieve particle size
information, which may befurther used to reduce errorsint®,; (section 5). Thevalueof the current

product is discussed in section 6, and concluding remarks are given in section 7.

2. PHASE 1 ALGORITHM (JULY 1987 - SEPTEMBER 1994)

2.1 Algorithm Description

The Phase 1 algorithm for aerosol optical thickness, t,,, retrieval has been implemented
into an already existing sea surface temperature system, which incorporates procedures useful for
aerosol analysissuch ascloud clearing and global field analysis[McClainet al., 1985]. Toavoidthe
influence of specular reflection from the ocean, the solar side of the orbit and measurements whose
viewing angle is less than 40E away from the specular ray have been excluded from the analysis.
Experimental weekly production of global eight-day (1E)? composites of t”,., from 2x2 arrays of
4-km global areacoverage pixels only over oceans commenced in July, 1987 [McClain, 1989; Rao
etal., 1989; Stowe, 1991]. In July 1989, these global analyses began being archived onto magnetic
tape at NOAA's Nationa Climate Data Center, Asheville, NC. In January 1990, they became an
operational product at NOAA/NESDIS.

Theprincipleof thealgorithmisshowninFig.1. At theparticular geometry, the ?=3.5 curve

isused to retrieve t”s, 1, from cloud-free satellite radiances R at 0.63 um, reduced to dimensionless



reflectance by normalization to solar flux, F,, asL=p-R/F,, and corrected for the Sun-Earth distance.
tA.,p; 1S then scaled to ?=0.50 um, consistent with the retrieval model (multiplying by ratio of
scattering coefficients (optical thicknesses) between 0.50 and 0.63 pum, 1.348). In operation, the
relationship between t*.,; and L is described by a four-dimensional look-up-table (LUT),
precalculated for different t* and view-sun-azimuth angles using the Dave' [1973] scalar radiative
transfer model, assuming Elterman’svertical profileof aerosol concentration A (h); mid-latitude ozone
and water vapor profiles with integrated contents of 0.316 atm-cm and 2.91 gm-cm’?, respectively.
Other parameters to be specified as input to the LUT are Lambertian oceanic reflectance, ?°; the
volume scattering and absorption coefficients, and the aerosol phase function, P*(?), derived from
Mie calculations with a prescribed aerosol microphysical model. The oceanic abedo is set to
?7°=1.5%. The aerosol model uses a modified Junge size distribution: dN/dr=0 (r<r,;, & r>r...);
dN/dr=A (r,, #r#r,.); dN/dr=A-(r/r, ) D (r Br#,.,), Where r ., ., .. are particle radii equal to
0.03, 0.1, and 10 pum, respectively; size parameter ?=3.5 (equivalent Angstrom exponent a=1.5); a
complex index of refraction n=1.5-0.0i (albedo of single scattering, ?, equals 1); and A=22510 cm®
pum™isanormalization constant dependent on an assumed number of particlesper unit volume[Dave,
1973]. This model was adopted from Griggs [1983]. The specified modeled LUT establishes a
unique relationship between the upward radiance and t*,, (e.g. Fig.1), which is further used to

derive t”,1, globally.

2.2 Glaobal Application of Phase 1 Algorithm to NOAA-11 data
The Phase 1 algorithm has been applied to dataof NOAA-11, launched in September 1988.
Satellite counts have been converted to radiances using pre-launch coefficients, with an empirical

adjustment described by Ignatov et al. [1995a]. This product has provided the most complete



description to date of the spatial and temporal variability of tropospheric and, with the eruption of
Mt. Pinatubo, stratospheric aerosolsover oceans. Fig.2 showsthevariationwithtime (weekly) from
29 June, 1989 to 8 September, 1994, of the zonal average (1E latitude band) t*¢,;,. The most
striking feature in the figure is the high values in tropical optical thickness coincident with the
eruption of Mt. Pinatubo. The rapid increase and then gradual decrease in volcanic aerosol content
of thetropical stratosphere hasbeen captured, aswell asthe seasonal transport of thisaerosol to high
latitudes [ Stowe, et al, 1992; Long and Stowe, 1994; Grant et a., 1996]. Before the eruption, and
beginning about a year after the eruption, other seasonal latitudinal variations are evident, but to a
much smaller degree. These are associated with natural mechanisms which create and disburse
aerosols in the troposphere. It is evident from the figure that the northern hemisphere has more
aerosol than the southern. Thisis dueto the aerosol sources primarily being restricted to land area
(wind-blown dust, fires, and industrial pollutants), of which there are more in the northern
hemisphere.

Thegeographical separation between tropospheric aerosol sourcescan beseeninFig.3, which
shows the annual mean aerosol optical thickness as depicted by this product from the two years
beforethe Mt. Pinatubo eruption. It showsthat the aerosol over the oceansisfar fromuniform, being
separated into distinct regional areas of maximum optical thickness. The features adjacent to the
continents are from wind transported aerosol sources originating on the land: mineral aerosol from
the deserts of Africa, Saudi Arabia and Asia [Prospero and Carlson, 1972]; smoke from bio-mass
burning in Central and Southern Africa, Central and South America, and Indonesia[Kaufman et al.
1990b; Andreae et a., 1994]; and sulfate aerosols from fossil fuel combustion in the highly
industrialized regions of Eastern U.S., Europe, Eastern Asia and Japan [Husar and Wilson, 1993].

There is also a clear indication of longitudinal bands of aerosol over the southern and northern



tropical oceans. These are probably the result of biogenically produced aerosols over the oceans
[Charlsonetdl., 1987]. Of adl theaerosol types present over the oceans, the mineral dust istheleast
similar to the assumed aerosol model, and therefore is the most uncertain in terms of optical depth

estimates from AVHRR.

2.3 Validation of the Phase 1 algorithm

Sun-photometer data, t*g,, collected during two oceanic cruises of the RV Akademik
Vernadsky (hereafter, AV-89 and AV-91, respectively), and one on the NOAA ship Mt. Mitchell
(MM-88; thislatter correspondsto NOAA-9 data, whichwerecalibrated using pre-launch calibration
but without the empirical adjustment developed for NOAA-11, referenced in section 2.2) were used
to quantify theaccuracy of thet”, 1, retrievals. Theprinciplesand resultsof selecting and processing
the first two match-up data sets are described in [Ignatov et al., 1995a,b]. The SP measurements
taken within 2 hours of the satellite overpasses, were selected. Theten nearest satelliteretrievals,
within 300 km of the ship, were then searched. The 68 reliable match-ups (20 obtained for AV -89,
38 for AV-91, and 10 for MM-88) cover large areasin the North Atlantic, in different years: 1988
& 1989 (pre-Mt. Pinatubo) and 1991 (early post-Mt. Pinatubo), thus being representative of avariety
of aerosols over the ocean. Averaging of t*,; (over the 10 satellite retrieval s closest to the ship),
and t*, (averaged within . =2 hours of satellite overpass), was applied to suppress noise resulting
from natural variability and measurement errors in both data sources. Comparing the averaged
characteristics is aso consistent with the gridded NOAA operational product which provides an
objective analysis of t”,,, fields over a (1E)* x 1 week space/time box. The accuracy of tg is
-0.02-0.03 [Ignatov et al., 1995a,b; Reddy et al., 1990).

Fig.4 showstheresults of validation of t*,, retrievalsfrom NOAA-9 and NOAA-11. The



regression is

t*sar1 = (0.64+0.05) ", - 0.02 Q)
with only a dlightly non-zero bias. The random error of the regression is about s, - 0.045, with a
correlation coefficient of R=0.87. Thus, to afirst approximation, the maps shown in section 2.2
should be scaled by the formula (1.56:t*,,+0.03) to more correctly represent the optical thickness

at 0.50 um observed by sun-photometry.

3. REVISION OF THE PHASE 1 ALGORITHM: GUIDANCE TO PHASE 2
Thecauseof thishiaswasthesubject of anintenseinvestigation[Ignatov et al., 1995a]. After
removal of the scaling t*,; from 0.63 to 0.50 um, and recalibration of the satellite radiances with
coefficientsdetermined from post-launch anal ysisand adj usted for the dates of thematch-up datasets
[Rao and Chen, 1995], the inadequacy of the retrieval model is the only reason of discrepancy
betweent”.,; andt”.. The diagnostic analysiswas aided by use of the linearized single scattering
approximation of the radiative transfer equation [Viollier et a., 1980; Gordon and Morel, 1983],

given by the following equation for t* retrieval:

R s
A &7 &7 T
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where ? is an apparent reflectance of the ocean-atmosphere system, defined by normalization of L
tothesolar flux and overhead il lumination geometry; 2% isthe Rayl eigh scattering contributionto the
total signal ?; ?° isthe diffuse surface reflectance; T isthe total atmospheric transmittance; P* and
? arethe aerosol phase function and albedo of single scattering; p,=cosT ,; p=cosT ; T, and T ,are
the view and solar zenith angles. Eqn. (2) shows that the errorsin t*.,; may result from incorrect

7?5, ?, or P* since all other terms are reasonably well known. Note that ?° participatesin Eqn.(2) as



an additive term, and (? -P*) as a multiplicative one. This suggests that the negative bias in the
satelliteretrievals (removed in operational practice by setting theseto zero -- note the large number
of zerovaluesin Fig.4) comesfrom having overestimated the oceanic reflectance, and the depressed
slope (dt*,,/dt"s<1) from an incorrect aerosol mode! (? and/or P*).

Analysis of the literature by Ignatov et al. [1995a] suggests that ?°.0.2% rather than 1.5%
for deep clean ocean. Correcting this in the retrieval model, and taking into account specular
reflection of diffusedownward scattered radiationin asingle scattering approximation[Viollieretd.,
1980; Gordon and Morel, 1983] removed the negative bias, but a multiplicative underestimationin
t*,,r remained. Thisresult strongly indicated that the P*, 5(?) used in the operational retrieval isnot
representative of the average Atlantic aerosol.

Ignatov et al. [1995a,b] attempted to reconcile t*,, and t*g, by inferring a microphysical
model from thewavel ength dependenceof thet”.. Thisgavean Angstrom exponent of about a=0.6,
which led to setting ?.2.5 (?=a+2) in the Junge size distribution. However, using this model
removed the systematic discrepancy between t”,; and t*g, only when it was supplemented by
adjustingtheimaginary part of theaerosol refractiveindex to 0.01. Correlation statisticsindicatethat
thisa gorithm estimatest ., withlittle systematic biasor of fset: t“.,; . -0.004+(0.98+0.08) t*.. The
correlation coefficient for the 68 cases is R=0.92, with a random error of s,.0.046. Additional
analyses of Mie calculations have shown that the imaginary part influences the results of t*,;
retrieval mainly through decreasi ng the phasefunctioninthebackscatter direction (about 30%) rather
than through absorption itself (only 10%, consistent with the corresponding albedo of single
scattering, ? - 0.9).

The value of ? .0.9 was thought of as unrealistic, and Ignatov [19964] tried to estimate an

empirical phase function, PAemp,i(?i)’ at each match-up point, i, for the particular scattering angle ?,



having thet” 5, known from the sun-photometer measurements. Theretrieved valuesof P*,,i(?) are
plotted versus scattering angle in Fig.5, each point corresponding to one match-up. All the
experimental points fall well below P*,;, which explains the systematic underestimation in the
operational retrievals (Fig.4 and Egn.2). One hasthereforeto find an aerosol phase function which
describes the experimental pointsin Fig.5.

According to [D'Almeida et a., 1991], clean maritime aerosol is composed mostly of two
components: sea salt (in which the nucleation mode dominates), and sulfate. For atypical relative
humidity over the oceans of 70-80%, the lognormal distributions of each are close together with
r,-0.1 um, and s=2.03 um. Complex indices of refraction for both are aso close, about 1.4-0.0i.
Asaresult, the bi-modal size distribution of the marine aerosol can be effectively represented by a
monomodal lognormal function. Itsphasefunction, showninFig.5, describestheexperimental points
quite well. Fig.6 shows t”,; retrieved with the described lognormal model versus t*y.. The
regression gives

tA7 - 0.01 + (0.91+0.04) " (3)
with R=0.93 and an error of s, . 0.04. Thiserror isinherent to the present single-channel algorithm,
and can possibly be reduced with future multi-spectral algorithms.

Note that the Ignatov, 1996a study includes only match-ups with large aerosol loadings
(t*$0.1), which arenot typical for clean maritime conditions[Smirnov et al. 1995]. Asaresult, the
derived empirical phasefunction may not be representative of clean maritimeaerosol, and one needs
to be cautious in the geophysical and microphysical interpretation of the derived phase function.
Also, application of the derived phase function in the case of small aerosol loadings may be
questionable. However, for practical retrievalsfrom AVHRR, error in P* isof moreconcernfor large

aerosol loadings, since absolute systematic error, dt”s,, isproportional tot”,; for thesamerelative



error in P* (see Eq.(2)). Notethat reducing the absolute uncertainty, dt”.,, isimportant for climate
modeling (e.g. [Charlson et al., 1992]). To that end, the lognormal phase function is a reasonable
candidate for replacing the P*,(?) used in the Phase 1 retrieval algorithm.

The phase 2 model’ s apparent contradiction to other literature, which recommends using a
two- or three-mode lognormal function [WCP-55, 1983; WCP-112, 1986; Shettle and Fenn, 1979;
Gathman, 1983; Gras, 1991; Hoppel et a., 1994], requires further investigation, but is of little
concern for practical use, sincethe P iscloseto the empirically derived one. The premise of that
model isitssimplicity, in particular fewer numbers of descriptive parameters (each mode requires
values of modal radius, standard deviation, and complex index of refraction). Thismodel has been
adopted for the operation of NOAA-14, launched in December, 1994. Its summary and some

preliminary attempts at validation are described in the next section.

4, PHASE 2 ALGORITHM (MARCH 1995 - ONWARD)

4.1 Algorithm Summary

The second generation (Phase 2) aerosol retrieval algorithm hasmany featurescommonwith
Phase 1 described in section 2. The difference between the two comes from the fact that the Phase
1 algorithm hasbeen carefully validated, and its parametershave been revised based on experimental
data, and careful analysis of therecent literature. The Lambertian surface reflectancein the second
generation product is lowered 7.5 times, from 1.5% down to 0.2%. The bidirectiona Fresnel'
reflectance from the flat ocean surface is approximately taken into account by introducing adiffuse
glint correction to the phase function, derived from the single scattering approximation [Viollier et
a. 1980; Gordon and Morel 1983]. Itsapplication to the Phase 2 algorithm is described in detail by

Ignatov et al [1995a]. We understand restrictions of this procedure, especialy at high aerosol



loadings and in the vicinity of glint, and are working now on more appropriate quantification of this
effect. Theaerosol phasefunction used in the Phase 2 algorithm, was derived assuming alognormal
sizedistribution with r,,=0.1 pm, s=2.03 um; n=1.4-0i.

No scalingismadeanymorefromthewave ength of measurement 0.63 um to thewavelength
of 0.50 um, recommended by the World Meteorological Organization asareference. Thereasonis
that thisscaling factor isstrongly atmospheric model dependent, and may result in asystematic error
intheretrieved t”,;. For those wanting to convert, the scaling factor for the first generation model

is1.348 and for the second, 1.164.



4.2 Testing Phase 2 Algorithm with NOAA-11 Pathfinder data (September 1989)

Expected differencesin the performance of thetwo a gorithmshasbeen verified globally with
datafrom the AVHRR Atmosphere Pathfinder Program. ThisisaNASA/NOAA joint program to
reprocessNOAA satellitedatawith community consensus calibration and remote sensing algorithms
into a long term product data set for weather and climate change research (UCAR, 1994). The
AVHRR Atmosphere Pathfinder dataset is being produced at NOAA/NESDIS. Phase Al of this
program uses the CLAVR-1 (Clouds from AVHRR-Phase 1) cloud screening algorithm [Stowe et
a., 1991], to produce among some 71 parameters, cloud-free and cloudy radiances in al five
channelsaveraged in 110 km equal arearegionsover the globe. Phase A2 usesthese area averaged
radiancesto derive aerosol optical thickness over oceans, and radiation budget parameters at thetop
of the atmosphere. Initially, an eighteen month "benchmark™ period from April 1987 to November
1988 (NOAA-9) and September 1989 (NOAA-11) isbeing processed. For thisinitial run, t*.,; has
been computed with both Phase 1 and 2 aerosol a gorithms, for validation purposesand for continuity
with the over five years of NOAA-11 data. Fig.7 shows the result of plotting t*¢,, versust®.,+,
(converted to 0.50 um for consistency) for September 6, 1989 NOAA-11 datafor al 110 km grid
cellswith cloud-free radiances. The regression line has the form

t*a1 = (0.69£0.003)t"g,7, - 0.03 4

with R=0.97, and s,=0.023. Therelationship betweent”., ., andt*, (cf. Egn.(1)) produced aslope
and intercept which agrees to those in Egn.(3) within the error of estimation. Thus, it can be
concluded that when globally applied, the Phase 2 algorithm yields aresult that is similar to what

would have been observed had we performed validation with sun-photometers.

4.3 Application of the Phase 2 algorithm to NOAA-14 data



After thefailure of NOAA-11 AVHRR in September 1994, operational production of t"g,+,
did not commence until March 1995 using NOAA-14 data. Asan example of these initia results,
Fig.8 shows aglobal image of t*,, for themonth of July, 1995. It reproduces many of the features
present in the NOAA-11 maps (cf. Fig.3), but the optical depths appear to be el evated by more than
the expected factor of 1.34 (aratio of underestimation of 1.56 from Eqgn.(1), and conversion factor
from0.63t0 0.5 umof 1.164). Post-launchinvestigationsintothecalibration of NOAA-14 AVHRR
channels 1 and 2 [Rao, personal communication], have confirmed revision of pre-launch calibration
by Mitchell [1996], and have led to the conclusion that the pre-launch vaues of calibration
coefficientswerein error. Rao'srevision of these termswasimplemented into operationsthe end of
July. The effect on the NOAA-14 aerosol product is shown aso in Fig.8, where much more
reasonabl e val ues of t*,, appear to bedistributed over the globefor August 1995, having about the
right degree of enhancement compared with Fig.3. Fig.9 shows quantitatively the effect of applying
Rao's post-launch calibration coefficientsto asample of NOAA-14 data. Thisshowsthat t*.,;, was
being overestimated before August, 1995 by about 0.08, on average.

The sun-photometer method of validation is nearing areality for NOAA-14. NESDIS has
begun collectingt”.,, observationsinreal timeat seven coastal locationswherewell calibrated and
mai ntai ned sun-photometer observationsareavailable, but noneof these datasetshave been processed

asyet [Holben et a, 1996].



S. POSSIBLE ENHANCEMENTSTO THE AVHRR PRODUCT

5.1 Multi-spectral retrieval algorithms

A third generation (Phase 3) Algorithmiscurrently under development. It usestwo channels
from the current AVHRR. The algorithm will be used to estimate an additiona parameter -- the
Angstrom wavelength exponent, a, traditionally measured in sun-photometry. Thiscould beusedto
retrieve an aerosol size parameter, whichinturn could possibly be used to adjust thesizedistribution
(scattering phase function) used in the single channél retrieval algorithm [e.g. Durkeeet al., 1991].
This could potentialy remove residual errors resulting from departures of the actual aerosol size
distribution from the one used in the single-channel retrieval model.

One example of such an algorithm was developed several years ago [Ahmad et al., 1989].
This approach relied upon regression relationships from theoretical radiative transfer model
calculationswhich relate theratio of aerosol path radiance between two channel sto the exponent of
the Junge power law model. Theretrieved Junge exponent (?=a+2) determinesthe aerosol particle
size distribution. It is then used to retrieve the optical thickness from one of the channels, again
through the use of theoretical regression relationships, but specifically for that particular Junge
exponent (aerosol size distribution).

A graphical illustration of such an agorithmisshowninFig.10a. Onthe ordinateis plotted
normalized radiance (defined in section 2.1) at the effective wavelength (average wavelength
weighted by product of channel response function and solar spectral irradiance) of channel 2 (0.83
pm) of AVHRR, and on the abscissa the same quantity but for channel 1. Solar and satellite
geometries are identical to those used in Fig.1. This has been done for three atmospheric models;
tropical, mid-latitudeand Arctic; to represent the possiblerange of water vapor content which affects

the radiance in channel 2 due to its filter encompassing severa strong bands of water vapor



absorption. To each of these three atmospheric modelsis added the ocean surface reflection model
and Junge aerosol size distribution dependent scattering and absorption models used in our initial
efforts to improve upon the Phase 1 single channel algorithm [Ignatov et al., 1995a]. Three values
of the Junge exponent have been used inthisexample: ?=3.5 (effectiveradius-- 3rd moment divided
by 2nd moment of size distribution, r4=0.21 pm), ?=2.5 (r4=0.79 um) and ?=1.5 (r4=3.64 pum).
Thetotal number of particlesin each model atmospherewasadjusted to yiel d the same aerosol optical
thicknessat 0.5 pm (heavy dashed linein Fig.10; shown only for mid-latitude model). Theresultis
aset of threefamilies of curves, onefor each Junge exponent value, relating the change in radiance
for thetwo channelsasoptical thickness changes. Making up each of these arethree curvesfor each
of thethree different atmospheric models, showing the effect of variablewater vapor on theradiance
in channel 2.

Given an AVHRR observation over aclear ocean, at the viewing and illumination angles of
Fig.10g, it should fall somewhere in the space bounded by the outermost curvesin thisfigure, the
corresponding values of ? and t*,; can then be read from the figure. Automating this procedure
isrelativelytrivial, onceasimilar set of figures(i.e. look-up-tabl es) have been computed for therange
of geometries likely to be observed. The accuracy of the retrieved optical thickness and Junge
parameter is dependent not only on the correctness of the assumed model parameters, but also on
measurement error. Asisevident from the figure, measurement noise will introduce larger relative
error in the derived parameters as the optical thickness of the aerosol approaches zero (curves
converge at t”,1,=0, where the ability to separate the effect of different aerosol models vanishes).
Quantifying the magnitude of theseerrors, and their sensitivity toindependent variablesisthe subject
of current research [e.g. Ignatov 1996b)].

One source of error, the variable amount of water vapor can be reduced in two ways; either



by providing independent knowledge of the water vapor amount and vertical profilerelative to the
aerosol profile, not presently available from satellite remote sensing technology, or by using a pair
of channelsweakly affected by water vapor absorption. Such apair of channels (0.63 and 1.61 pm)
will become available from AVHRR with the NOAA-KLM series of satellites, scheduled to
commence in 1996. However, due to data storage constraints on-board the spacecraft, only the
afternoon satellite, NOAA-L, will provide global coverage at 1.61 um in daytime. To show the
potential of retrieving improved aerosol information from these two channels, Fig.10b has been
constructed. Not only isthe effect of variablewater vapor greatly reduced, but the separation of the
threefamiliesof curveshasbeenincreased. Thismeansthat for thesamerelative measurement error,
one should be able to obtain more accurate aerosol information at lower values of optical thickness
thanwiththecurrent two AVHRR reflectancechannels. A similar pair of channelsareavail ablefrom
the Thematic Mapper onthe LANDSAT seriesof satellites, from the ATSR instrument onthe ERS2

satellite, and from the VIRS instrument to be launched on the TRMM satellite in 1997.

5.2 Other Potential Enhancements

With regard to other aerosol remote sensing issues not yet addressed in our program, it is
highly desirableto makeretrieval sover surfaceswithreatively highreflectivity, such asintheregions
of oceanic specular reflection or for most land surfaces. A climatology of clear-sky reflectance and
its variance could be used as input to radiative transfer model LUTSs for the extraction of optical
thicknessand particlesize parametersin these areas, although the sensitivity of reflected radiation to
the presence of aerosols is diminished relative to that over dark ocean surfaces [Kaufman et al.,
1990a]. Also, useof infrared retrieval techniques, asother investigatorshave shown[Legrand et al.,

1989], can retrieve aerosol optical thickness information over certain geographical areas, such as



deserts. Eventually, with thelaunch of the OCTSand POLDER instrumentson the Japanese ADEOS
satelliteand SeaWifsinstrument on a commercia satellitein 1996, and the launch of the EOS polar
platforminstruments(MODIS, MISR, EOSP) between 1998 and 2003, many other spectral channels
aswell aslinear polarization parameterswill becomeavailablefor the description of theatmospheric
aerosol content.

Also, evenat thesingle-channel algorithmleve, further improvements could bemadeby more
accurately describing the diffuse glint, and introducing the direct glint, both of which will require
information about wind speed. Using a microphysical aerosol model that varies by geographical
region and providesaphasefunction that matches closely empirically derived valuesfor eachregion
separately, may also improve accuracy. Establishment of ground truth siteswith in situ aswell as

remote sensing data would greatly assist the validation of multi-spectral techniques.



6. DISCUSSION

ThePhase2 retrieval sshowsreasonabl e agreement with sun-photometer dataon theaverage.
Residual scatter indicatesthat the phasefunctionfor real maritimeaerosol varies, and can beassumed
"universal" only within the reported uncertainty limits. For single channel retrievals, the only
alternative to a"universal" empirical phase function would involve its parameterization versust*:
PA=f(t*), which allows oneto keep oneunknown under retrieval, t*. Theanalysisof Ignatov [19964]
did not confirm this hypothesis, however. Also, oceanic diffuse reflectance is not a universal
constant, 2°=0.2%. It may be much higher over turbid coastal waters, and is bidirectional.

We believe that amore complicated two-channel procedure should be introduced only after
thepotential of theone-channel algorithmisfully realized, itsadvantagesand deficienciesunderstood,
and the necessity and sufficiency of additional measurementsconvincingly proved. Tothat end, using
themicrophysical mode which closely reproducestheempirically derived phasefunctionisthelogical
next step, providing a bridgehead between the present and future generation of aerosol retrieval
algorithms. Additionally, the spectral position of AVHRR channel 1isnot far from the optimal for
aerosol retrieval, recommended by Koepke and Quenzel [1981]. So far, the rms accuracy of the
Phase2 agorithmiss, . 0.04. Thisestimateisconsistent with resultsof Kaufman[1993], who shows
that using a universal relationship between aerosol optical depth and path radiance leads to a
maximum error of 0.10 (about 3s,, assuming a Gaussian distribution of error).

Itisrecognized that the AVHRR instrument isnot the optimum instrument for making aerosol
measurements. It has no on-board calibration for itstwo (athird will be added in 1997) reflectance
measuring channels. With the devel opment of spaceborne multi-spectral imaging spectrometerslike
MODIS[Salomonsonet al., 1989; King et a., 1992], multi-angular viewing radiometerslike MISR

[Martonchik and Diner, 1992], and ATSR [Mutlow et a., 1994], and polarimetric imaging



radiometers like POLDER [Deuze et d., 1993], remote sensing of aerosol physical and chemical
properties should beimproved beyond AVHRR's capabilities. Nonetheless, the work that has been
donewith AVHRR hasclearly demonstrated that aerosol remote sensing can be donefrom space, and
that the resulting products over global oceans can provide valuable information on spatial and
temporal variability of thisimportant climate forcing parameter [ Joussaume and Sadourny, 1989;
Long and Stowe, 1994, Lacis and Mishechenko, 1995]. Efforts are now underway to reprocess the
entire AVHRR record from the NOAA afternoon satellites back to 1981 [UCAR, 1994]. Such a
climatology, having accounted for calibration drift and the same aerosol retrieval agorithm
throughout, will provide a unique data set from which a greater knowledge of the Earth's aerosol

characteristicswill begleaned, and against which theval ue of thefutureinstruments can be measured.

1. CONCLUSION

The second generation single-channel aerosol retrieval agorithm has been described. It has
been implemented into the operational processing system for the NOAA-14 satellite, launched on
December 30, 1994. The algorithmis based on analysis of three match-up sun-photometer-NOAA
satellite datasets which reveaed errors in the operationa NOAA/NESDIS t*g,, retrievals. A
fundamental revision of the oceanic reflectancemodel wasundertaken from analysisof thescientific
literature. A new empirical aerosol phase function has been derived from the match-up data. A
microphysical aerosol model, which matches the empirical phase function, has been chosen for the
retrieval of tAg,;. These adjustmentsto thefirst generation NOAA/NESDIS agrosol product bring,
to afirst approximation, the sun-photometer and satellite datainto better than 10% agreement. It
also has been shown that when applied to a global analysis with AVHRR Atmosphere Pathfinder

Datasets, the Phase 2 algorithm providest”,, which deviatesfromt*,, in the same way that t*;



deviated fromt”,,. Examplesof the NOAA-14 aerosol global maps have been presented, which
before August 1995, are biased high by AVHRR calibration errors.

Since the t*,, are retrieva model dependent, we call the satellite product a "radiatively
equivalent” aerosol optical thickness. The Phase 2 algorithm provides unbiased, in the mean
statistical sense, aerosol retrievals over oceans. It can be viewed as a procedure for removing the
strong angul ar dependenciesfrom upward radiances (normalizing them to acommon geometry), with
scaling to aerosol optical thicknessmeasured by sun-photometry. Any remaining noiseinthesatellite
retrievals (s, - 0.04 -- see Eqn.(3)) follows from variability of the aerosol phase function, aerosol
absorption, and oceanic reflectance about their average values, typical for the oceans. Some of this
variability may be potentially accounted for by further adding other spectral or angular measurements
to the retrieval algorithms -- for those, the present NOAA/NESDIS aerosol product provides a
referencelevel from whichimprovements can be measured. Anexample of such analgorithm, with
the improvements possible with the 1.61 um channel on the NOAA/KLM series of AVHRR
instruments, was presented. Further investigations are needed, together with intensive field

measurements, to establish the most globally robust multi-channel aerosol retrieval algorithm.
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Figure captions

Figure 1. Dependence of reflected radiation at 0.63 Fm on aerosol optical thickness and ? (Junge
particle size parameter) as computed from the Dave' code for the ocean/atmosphere model used in
the Phase 1 retrieval algorithm. Solar zenith angle = 60E, satellite zenith angle = 24E, and relative

azimuth angle = 180E.

Figure 2. Weekly one degree zonal time series of t*¢,1; a 0.5 Fm over oceans from NOAA-11

AVHRR.

Figure 3. Mean distribution of t*¢,;, a 0.5 Fm for two years prior to the eruption of Mt. Pinatubo.

Figure 4. Regression of t*.,;, against sun-photometer aerosol optical thickness at 0.5 Fm

wavelength.

Figure 5. Two model phase functions: P*, [Junge,?=3.5] (dashed) and P* ,, derived from Mie
calculations with lognormal size distribution [r,,=0.1 pm; s=2.03 um; n=1.40-0.0i] (dotted), and
results of the empirical phase function, P’*emp, estimation for AV-89 (+) and AV-91 (0). All phase
functions are normalized to 4p.

Figure 6. Regression of t”,;, against same sun-photometer data set asin Figure 4 but at 0.63 pum.

Figure 7. Regression of t*.,, against t*.,,, a 0.5 um globally, using the AVHRR Atmosphere



Pathfinder Processing System for September 6, 1989.

Figure8. Global Distribution of t",;, at 0.63 umfrom NOAA-14for July 1995 (top) with pre-launch

calibration and for August, 1995 (bottom) with post-launch calibration.

Figure 9. Effect of pre-launch calibration error on t*¢, .

Figure10a. Illustration of theprincipleof t*¢,, and ? retrieval fromtwo-channel (0.63 and 0.83 pm)

reflectance measurements (the heavy dashed lines are contours of t*,, at 0.5 um, shown only for

the mid-latitude modd!).

Figure 10b. Same as figure 10a but for two channels at 0.63 and 1.61 Fm.



